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1 ␣v␤8 is expressed most abundantly in kidney, brain, and placenta, 1 although expression in other tissues has been documented. [2] [3] [4] [5] ␤8 integrin gene (Itgb8) deletion caused embryonic lethality because of vascular defects in the yolk sac and placenta, as well as perinatal death from brain capillary malformations. 6 A similar phenotype was observed in Itg␣v Ϫ/Ϫ mice. 7, 8 Integrin ␤8 is not expressed in brain endothelial cells, 6, 9 however, Itgb8 or Itg␣v deletion from glial precursor (nestin-positive) neuroepithelial cells resulted in intracerebral hemorrhage, as well as capillary and astroglial disorganization, 9, 10 indicating that communication between endothelial cells and ␣v␤8-expressing parenchymal cells is required for cerebral vascular development. Glial ␣v␤8-endothelial cross-talk is further substantiated by brain endothelial cell hyperplasia in Itgb8 Ϫ/Ϫ mice, 6 which is dependent on genetic background and age. 11 Studies involving conditional Itg␣v or Itgb8 deletion from dendritic cells have also demonstrated an ␣v␤8 role in innate immunity. 4, 5 Unlike extensive studies in the brain, kidney ␤8 integrin function is not as well characterized. We have previously shown that ␣v␤8 localizes to glomerular mesangial cells (MC) and integrin ␤8 expression is reduced in sclerosing glomerular diseases. 12 MC share neuroepithelial features; both cell types abut with capillaries and express nestin during organogenesis and recovery from injury. 6, 10, 13, 14 MC are modified pericytes that contact the glomerular basement membrane (GBM) and glomerular endothelial cells (GEC) to mechanically counteract glomerular capillary distention. [15] [16] [17] Deletion of GEC, GBM or podocyte genes reveals MC dysfunction and defective glomerular capillary development and maintenance, 15,18 -20 thereby supporting primacy of the MC as a receiver of cues from other glomerular cells. However, reciprocal communication involving MC-derived molecules affecting GEC or podocytes has not been described. 17 The major ligands for ␣v␤8 are the latency-associated peptide (LAP) component of latent transforming growth factor (TGF)-␤1 (LAP TGF-␤1), LAP TGF-␤3, and vitronectin. 21, 22 Latent TGF-␤ bound to ␣v␤8 is coordinately activated through LAP cleavage by the transmembrane matrix metalloproteinase-14 [MMP-14, also known as membrane type 1 metalloproteinase (MT1-MMP)], which releases bioactive TGF-␤. 22, 23 LAP binding to ␣v␤8 is a high-affinity interaction that generally leads to efficient latent TGF-␤ activation in MMP-14-expressing cells. 22, 23 However, MMP-14 is not expressed in MC, but can be induced in pathological states, 24 suggesting that MC ␣v␤8 normally sequesters latent TGF-␤ to prevent activation. The large latent complex TGF-␤ [noncovalently attached to LAP, which is bound to latent TGF-␤ binding protein (LTBP)] may also be secreted, enabling LTBP to target latent TGF-␤ to extracellular matrix and proteases for activation in an integrin-independent fashion. 25, 26 To interrogate ␤8 integrin function in kidney, Itgb8 Ϫ/Ϫ mice were generated on outbred and C57BL/6 congenic backgrounds that harbor modifier genes 27, 28 that permitted embryonic survival and evaluation of renal phenotypes. Both strains showed glomerular dysfunction, including azotemia, albuminuria and enhanced platelet/ endothelial cell adhesion molecule-1 (PECAM-1, also known as CD31) expression, which facilitated GEC cytoprotection against TGF-␤-stimulated apoptosis. The data indicate that MC ␣v␤8 controls glomerular capillary integrity through cross-talk with GEC, by regulating TGF-␤ release and PECAM-1 expression.
Materials and Methods

Mouse Models
Methods for generation and characterization of Itgb8 Ϫ/Ϫ mice on a C57BL/6J-129Sv background have been described. 6 C57BL/6 and CD-1 mice were purchased from Jackson Laboratories (Bar Harbor, ME). Itgb8 Ϫ/Ϫ mice on a congenic C57BL/6 genetic background were developed following more than12 generations of backcrosses. Outbred Itgb8 Ϫ/Ϫ mice were initially generated by pairing C57BL/6J-129Sv-Itgb8 ϩ/Ϫ male mice with CD-1-Itgb8 ϩ/ϩ female mice. Itgb8 ϩ/Ϫ progeny were then mated and mice from F2 intercrosses were evaluated. All protocols were approved by the Institutional Animal Care and Use Committee at Case Western Reserve University.
Antibodies
Rabbit polyclonal anti-␤8 integrin antibodies were generated against a cytosolic domain peptide as previously described. 9 Other antibodies were purchased from the following sources: Wilm's tumor protein (WT-1), latent TGF-␤1 binding protein (LTBP-1), ␤-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA); desmin (Chemicon, Temecula, CA); PECAM-1, TGF-␤1, LAP-␤1 (R&D Systems, Minneapolis, MN); Tie2 (eBioscience, San Diego, CA); Ki-67 (Novacastra, Newcastle-On-Tyne, UK); F4/80 (Cedarlane, Hornby, Ontario); proliferating cell nuclear antigen (GeneTex, San Antonio, TX); Phospho-Smad2/3 (Cell Signaling, Beverly, MA); MMP-14 (Millipore, Billerica, MA).
Immunohistochemistry
For the experiments in which we assessed ␤8 integrin expression in kidney, freshly sectioned unfixed frozen mouse kidney tissue was air dried for 20 to 30 minutes, then permeabilized with 0.2% Triton X-100 (Sigma, St. Louis, MO) in PBS for 10 minutes. Sections were blocked with goat serum (5% in PBS, 1 hour, at room temperature), then incubated with anti-␤8 integrin antibodies (10 g/ml, overnight at 4°C), followed by Alexa 488-conjugated goat anti-rabbit IgG (Invitrogen; 1:200, 1 hour, at room temperature). Nuclei were counterstained with TOTO-3 (1:1000 in PBS, 30 minutes, at room temperature; Molecular Probes, Eugene, OR), and sections were mounted in Aqueous Mounting Media (Vector, Burlingame, CA).
All other immunohistochemistry experiments were conducted according to previously described protocols. 29 Primary antibody incubation conditions were as follows: WT1 . Fluorochrome-conjugated secondary antibodies were then routinely added (1:300, 1 hour, at room temperature), followed by mounting media. All cells were examined with a Leica TCS SP2 Confocal system (Leica Microsystems, Wetzlar, Germany), and digital images were processed with Molecular Devices deconvolution software v9.1 (Molecular Devices, Sunnyvale, CA) and Adobe Photoshop v9.0 (Adobe Acrobat, San Jose, CA).
Histology
For light microscopy, kidneys were fixed in formaldehyde, embedded in paraffin, then sectioned, de-paraffinized and 
Renal Function Assays
Mice were phenotyped for renal function by measuring albuminuria using the Mouse Albumin ELISA Quantitation Set (Bethyl Lab, Montgomery, TX) as previously described, 30 and by assaying for blood urea nitrogen with a Hitachi 911 autoanalyzer (Roche Diagnostics, Basel, Switzerland). Hematuria was screened by Multistix 7 dipstick analysis (Bayer, Elkhart, IN).
Glomerular Microdissection
Mouse kidneys were rapidly removed. The renal cortex was dissected and minced through a 180-m wire mesh sieve (Newark Wire Cloth Company, Clifton, NJ) onto a Petri dish containing Dulbecco's phosphate buffered saline (Hyclone, 137 mmol/L NaCl, 8.1 mmol/L Na 2 HPO 4 , 2.7 mmol/L KCl, 1.5 mmol/L KH 2 PO4, 0.9 mmol/L CaCl 2 , 0.5 mmol/L MgCl 2 ). Renal tissue was then passed through a 100-m nylon filter (Falcon), and washed in Dulbecco's phosphate buffered saline. The flow was passed through a 70 m nylon filter, washed again, and the glomeruli-enriched fraction, which does not flow through, was collected and resuspended in Dulbecco's phosphate buffered saline. Aliquots of the kidney suspension were spread on 10-cm cell culture dishes and individual glomeruli were visualized with an inverted light microscope (10X magnification) and separated from other elements with a tool fashioned from an eyelash, which was glued to a toothpick handle. A minimum of 10 to 20 glomeruli was required for RT-PCR experiments.
Quantitative RT-PCR
Real-time quantitative RT-PCR analysis was performed using LightCycler and SYBR Green technology (Roche, Mannheim, Germany) according to previously described methods. 12 Each analysis included mouse kidney samples of unknown mRNA concentration, and to confirm amplification specificity, random-primed RNA in the absence of reverse transcriptase (RT) or RNA template as negative controls. Total RNA (3 g) was first treated with DNase I, and then reverse transcribed using the Thermoscript RT-PCR System (Invitrogen, Carlsbad, CA), in 20 L. Two-microliter cDNA products were PCR-amplified in buffer containing 2 L LightCycler -FastStart DNA Master SYBR Green I mix (Roche Molecular Systems, Alameda, CA), 18 L hybridization buffer, 5 mol/L genespecific primers, and 3 mmol/L MgCl 2 . PECAM-1 (NM_001032378.1) isoforms were amplified with primers 5=-AGGAAAGCCAAGGCCAAA-3= (nt 2072-2089) and 5=-TTGACTGTCTTAAGTTCC-3= (nt 2325-2342). ␤-actin mRNA (NM_007393.3) internal standard was detected using 5=-ATCTGGCACCACACCTTCTACAATGAGCT-GCG-3= (nt 333-364) and 5=-CGTCATACTCCTGCTT-GCTGATCCACATCTGC-3= (nt 1139-1169) primers (BD Biosciences Clontech, Palo Alto, CA). Nephrin (NM_019459.2) was amplified with primers 5=-AGGTA-CAGCCTGGAAGGAGACA-3= (nt 372-393) and 5=-CG-CACTTACTCCCTAGTCTCCT-3= (nt 685-706). Glyceraldehyde-3-phosphate dehydrogenase mRNA standard (XR_032630.1) was detected using 5=-GGAGC-CAAACGGGTCATC-3= (nt 204-221) and 5=-TACTTAT-GCCGATGTCGTTGT-3= (nt 808-828) primers. Transcript Figure 1 . Integrin ␤8 is expressed in a mesangial distribution. Unfixed frozen sections from Itgb8 ϩ/ϩ (A, ϩ/ϩ) and Itgb8 Ϫ/Ϫ (B, Ϫ/Ϫ) mouse kidneys were permeabilized in 0.2% Triton X-100, blocked with goat serum, followed by incubation with rabbit anti-human ␤8 integrin IgG, then Alexa 488-conjugated goat anti-rabbit IgG (green), and TOTO-3 nuclear counterstain (blue). Slides were viewed by confocal microscopy at 1000X magnification. Digital images were processed with Molecular Devices deconvolution software v9.1 and Adobe Photoshop v7.0. Data are presented as total number of progeny with percentages in parentheses. Expected viable is calculated with the assumption that the sum of (ϩ/ϩ) and (ϩ/Ϫ) equals 75%. A Chi-square test was used to determine statistical significance.
E, embryonic day; P, postnatal day.
quantification was determined by the comparative C T (⌬⌬C T ) method. 12 Data are expressed as PECAM-1 normalized to ␤-actin, or nephrin normalized to GAPDH transcript content within the same sample.
Cell Culture
Mouse MC from neonatal Itgb8 ϩ/ϩ and Itgb8 Ϫ/Ϫ kidneys were obtained from microdissected glomeruli as described, 12 and distinguished from other glomerular cells by immunocytochemical analysis of desmin expression. Third-passage MC in primary culture were immortalized by infection with temperature-sensitive SV40. Immortalized mouse GEC were obtained from Dr. M. Madaio (Medical College of Georgia). 31 Methods for generation and maintenance of wild type and PECAM-1 Ϫ/Ϫ kidney endothelial cells have previously been described. 32 Minor deviations from this protocol include cell propagation at 31°C in media containing 10% fetal bovine serum. To generate MC conditioned media, cells were first grown to near confluence in complete media. Wells were then washed with Hanks' solution, and media was changed to serum-free Dulbecco's modified Eagle's medium (DMEM). After 48 to 72 hours, media was harvested and stored at 4°C until it was needed for experiments.
Apoptosis Assays
Apoptosis was assessed in GEC exposed to Itgb8 ϩ/ϩ or Itgb8
MC-conditioned media supplemented with TGF-␤1 (R&D Systems, 2.5 ng/ml) or neutralizing anti-TGF-␤1 antibodies (10 g/ml) by simultaneously labeling externalized phosphatidylserine with annexin V in unfixed cells, then nuclear morphology was determined using DAPI in cells postfixed in paraformaldehyde, according to previously described methods. 33 In some experiments, GEC were transfected with a PECAM-1 adenoviral vector, which has been described. 32 
Immunoblot Analysis
Methods have previously been described. 33 Briefly, cell monolayers were lysed and denatured in boiling buffer (125 mmol/L Tris, pH 6.8, 2% SDS, 5% glycerol, 1% ␤-mercaptoethanol, 0.003% bromphenol blue) for 5 minutes. Samples (20 g protein/lane) were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinylidine difluoride membranes. Blots were blocked in 5% dried milk and 2% bovine serum albumin, probed with primary antibody (1 g/ml, 1 hour, at room temperature), and peroxidase conjugated IgG (1:5000, 1 hour, at room temperature). Band intensity was detected by enhanced chemiluminescence.
TGF-␤ Bioactivity Assays
TGF-␤ activity within Itgb8 ϩ/ϩ or Itgb8 Ϫ/Ϫ MC-conditioned media was determined using mink lung epithelial cells (MLEC) stably expressing a truncated promoter of plasminogen activator inhibitor-1 fused to the firefly luciferase reporter gene, 34 which were provided by Dr. Daniel Rifkin (New York University). MLEC were plated for 24 hours in 6-well tissue culture dishes, washed twice with PBS, and maintained for 4 hours in DME-H21 medium without fetal bovine serum. Conditioned medium collected from the indicated cells was maintained for 18 hours in DMEM that was supplemented with 0.2% fetal bovine serum and was directly applied to MLEC to determine the active TGF-␤. In parallel cultures, MLEC cells were incubated in DMEM supplemented with recombinant human TGF-␤1 (0.1 to 5000 ng/ml; PeproTech, Rocky Hill, NJ) to generate a standard curve. After 24 hours, MLEC cell extracts were prepared and assayed for luciferase activity using the Luciferase Assay System (Promega) according to the manufacturer's instructions, and luminescence was measured as described above. Luciferase units obtained from conditioned medium samples were normalized to cell number, and secreted TGF-␤ was quantified relative to luciferase units from recombinant human TGF-␤1 standard curves.
Statistics
All data are representative of a minimum of three experiments per condition. Quantitative results are presented as mean Ϯ SEM. Comparisons between multiple groups were made by one-way analysis of variance with the Student-Newman-Keuls or Kruskal-Wallis tests for parametric and nonparametric data, respectively. Comparison between two groups was made by paired t-test. A 2 test was used to determine statistical significance of observed versus expected genotype distributions in Table 1 . Statistical significance is defined as P Յ 0.05.
Results
Integrin ␤8 Expressed in Mesangial Cells
We previously determined that integrin ␤8 mRNA localized to glomerular MC in vivo, and immunoblots from cell culture lysates confirmed integrin ␤8 protein expression in MC, but not in GEC or podocytes. 12 Figure  1 shows integrin ␤8 protein labeling in a predominant mesangial pattern in vivo.
Itgb8
Ϫ/Ϫ Extrarenal Phenotypes
Previous evaluation of Itgb8 Ϫ/Ϫ mice showed developmental defects that resulted in embryonic lethality. 6 No gross kidney abnormalities were noted. To investigate more subtle phenotypes in older animals, two strains were created on backgrounds enriched for genetic modifiers 27, 28 : Itgb8 Ϫ/Ϫ mice with the C57BL/6J-129/Sv background were intercrossed with CD-1 mice to create the outbred F2 progeny, and backcrossed with C57BL/6 mice to create a congenic strain.
Examination of E14.5-E18.5 embryos revealed decreased numbers of Itgb8 Ϫ/Ϫ mice, and the proportion surviving to birth decreased even further (Table 1) . However, surviving Itgb8 Ϫ/Ϫ mice lived long enough to be evaluated for postnatal phenotypes. The most striking extrarenal feature among Itgb8 Ϫ/Ϫ mice was smaller body size compared to Itgb8 ϩ/ϩ littermates ( Figure 2B-D) , which became more marked over time, consistent with a runting syndrome. Kidney weights were also smaller in Itgb8 Ϫ/Ϫ mice ( Figure 2E ), although kidney:body weight ratios were not significantly different between genotypes ( Figure 2F ).
Few Itgb8 Ϫ/Ϫ mice on the outbred background survived beyond 12 weeks, whereas no C57BL/6 Itgb8 Ϫ/Ϫ mice lived more than 5 weeks. Otherwise, no differences could be discerned between strains. By 8 to 12 weeks, gait abnormalities (hind limb dragging and ataxia) were observed. Similar defects have been noted in conditional Itg␣v Ϫ/Ϫ mice, and attributed to cerebellar and axonal degeneration. 9 Rarely, Itgb8 Ϫ/Ϫ mice had hydrocephalus, which was also observed in Itg␣v Ϫ/Ϫ mice. 7 Gross examination of brains from Itgb8 Ϫ/Ϫ mice revealed no intracerebral hemorrhage. The longest surviving mice were euthanized because they developed hemorrhagic rectal prolapse.
Ϫ/Ϫ Glomerular Phenotype
Renal function studies in Itgb8 ϩ/ϩ and Itgb8 Ϫ/Ϫ mice revealed albuminuria at 4 weeks, which was significantly greater in Itgb8 Ϫ/Ϫ compared to Itgb8 ϩ/ϩ mice, and more pronounced at 12 weeks ( Figure 3A) . Azotemia was also greater in Itgb8 Ϫ/Ϫ compared to Itgb8 ϩ/ϩ or Itgb8 ϩ/Ϫ mice ( Figure 3B ). Dipstick tests for hematuria were negative in all mice. Figure 3, C (Figure 3, F and H) , consistent with albuminuria. Mesangial and GEC morphology appeared normal (Figure 3, E-H) . The number of slit diaphragms per micrometer GBM was 2.31 Ϯ 0.28 in wild type glomeruli, in agreement with previous reports for rodent glomeruli. 35, 36 Slit diaphragm density per GBM length was slightly less in Itgb8 Ϫ/Ϫ glomeruli (1.68 Ϯ 0.17/m, P ϭ 0.11, Figure 3I ). Nephrin expression, normalized to GAPDH, was assessed by quantitative PCR, and revealed a 7% decrease in transcript levels in Itgb8 Ϫ/Ϫ versus Itgb8 Ϫ/Ϫ kidneys. These results reflect mild foot process effacement and proteinuria. Glomerulogenesis at E17.5 to E19.5 was similar between Itgb8 ϩ/ϩ and Itgb8 Ϫ/Ϫ kidneys (not shown). (Figure 4 ). To verify these results, PECAM-1 mRNA expression from isolated glomeruli was measured using quantitative PCR, and revealed a fourfold increase in Itgb8 Ϫ/Ϫ mice ( Figure 4C ), consistent with the immunohistochemistry findings.
Increased Glomerular PECAM-1 Expression in
Itgb8 Ϫ/Ϫ Mice
PECAM-1 Regulates GEC Cytoprotection
PECAM-1 forms homophilic interactions between adjacent endothelial cells 37, 38 and is often used as a marker of hyperplasia or hypertrophy. To test for GEC proliferation, kidneys were examined for co-localization of glomerular PECAM-1 with Ki-67 nucleolar antigen 39 ( Figure 5A ) or proliferating cell nuclear antigen 40 (not shown). As seen in Figure 5B , the number of Ki-67-positive GEC cells was equivalent between Itgb8 Ϫ/Ϫ and Itgb8 ϩ/ϩ mice. To verify that increased PECAM-1 in Itgb8 Ϫ/Ϫ glomeruli is not caused by proliferation, kidneys were labeled for a different endothelial cell marker, Tie2. Figure S1 (see Supplemental Figure S1 at http://ajp.amjpathol.org) reveals similar Tie2 staining between GEC from Itgb8 Ϫ/Ϫ and Itgb8 ϩ/ϩ mice. No difference in GEC size was noted between Itgb8 Ϫ/Ϫ and Itgb8 ϩ/ϩ glomeruli by electron microscopy, suggesting that enhanced PECAM-1 expression was also not caused by GEC hypertrophy.
PECAM-1 regulates pleiotropic endothelial cell functions, 37, 38, [41] [42] [43] [44] [45] [46] including inflammatory cell diapedesis 38, 41 and cytoprotection. 37, 42, 43 Therefore, we determined whether increased PECAM-1 expression is associated with glomerular inflammation using F4/80 labeling of macrophages and dendritic cells. 47, 48 Although F4/80-positive cells could occasionally be detected within the tubulointerstitium, they were seldom observed in Itgb8 Ϫ/Ϫ or Itgb8 ϩ/ϩ glomeruli (not shown).
Apoptotic glomerular cells were not detected in Itgb8
Ϫ/Ϫ or Itgb8 ϩ/ϩ kidneys (not shown), indicating that PECAM-1 upregulation does not represent compensation for GEC loss. However, lack of GEC death in Itgb8 Ϫ/Ϫ mice could be caused by PECAM-1-mediated cytoprotection. 37, 42, 43 To address this possibility, apoptosis was assayed in PECAM-1-null versus PECAM-1 overexpressing GEC in response to conditioned media from Itgb8 Ϫ/Ϫ and Itgb8 ϩ/ϩ MC, to simulate in situ paracrine effects of MC on GEC. At baseline, PECAM-1 expression was undetectable ( Figure 6A) , and neither exogenous TGF-␤ (0.1-10 ng/ml), Itgb8 Ϫ/Ϫ nor Itgb8 ϩ/ϩ MC media induced GEC PECAM-1 (not shown), suggesting that the in vitro co-culture system did not fully model the in vivo scenario. As a result, it was necessary to transfect GEC with adenovirus vector to investigate the effects of PECAM-1 upregulation. Figures 6B and S2 (see Supplemental Figure S2 at http://ajp.amjpathol.org) show that Itgb8 Ϫ/Ϫ MC-conditioned media caused significant apoptosis of PECAM-1-deficient GEC, which was completely blunted by PECAM-1 overexpression. To assess whether there is a PECAM-1 dose/response, apoptosis induced by Itgb8 Ϫ/Ϫ MC conditioned media was compared in wild type and PECAM-1 Ϫ/Ϫ kidney endothelial cells. Figure 6C shows significant susceptibility of PECAM-1 Ϫ/Ϫ cells to apoptosis, which is incompletely resolved in PECAM-1 ϩ/ϩ cells. These data support a paradigm whereby an Itgb8 Ϫ/Ϫ MC-secreted factor induces GEC apoptosis unless PECAM-1 is upregulated to provide cytoprotection.
Itgb8
Ϫ/Ϫ MC Release Bioactive TGF-␤ Latent TGF-␤ is the major ligand for ␣v␤8. Unlike other latent TGF-␤-binding integrins that activate TGF-␤ through non-enzymatic, mechanical strain, causing a conformational change in the LAP-TGF-␤ interaction, 49, 50 ␣v␤8-bound latent TGF-␤ activation requires LAP cleavage Ϫ/Ϫ or PECAM-1 ϩ/ϩ mouse kidneys were grown to near confluence in complete media under permissive 31°C conditions, and then placed in serum-free DMEM (72 hours, 37°C). Cells were then washed with Hanks' solution, and incubated with conditioned media from wild-type (ϩ/ϩ) or Itgb8 Ϫ/Ϫ (Ϫ/Ϫ) MC (8 hours, 37°C) and then evaluated for apoptotic nuclear morphology by DAPI labeling by two observers blinded to experimental conditions. *P Ͻ 0.01 compared to other groups.
by MMP-14. 22 However, MMP-14 expression and activity are undetectable in MC that are rendered quiescent by prolonged incubation in serum-free media 24 (see Supplemental Figure S3 at http://ajp.amjpathol.org), which mimics the normal in vivo state, 51 suggesting that MC ␣v␤8 normally sequesters TGF-␤ in the latent conformation.
To test whether Itgb8 deletion leads to reduced TGF-␤ binding in vivo, mouse glomeruli were analyzed for integrin ␤8 and latent TGF-␤ co-localization with immunohistochemical techniques. Figure 7A again shows ␤8 integrin expression in a glomerular mesangial pattern. LAP also labeled glomeruli in a predominant mesangial distribution ( Figure 7B ), in agreement with LTBP-1 expression. 52, 53 Importantly, integrin ␤8 and LAP co-localized in glomeruli ( Figure 7C ), consistent with LAP as the cognate ligand. 22 To more extensively assess latent TFG-␤ as the ligand for MC integrin ␤8, cultured human MC were colabeled with LTBP-1 and ␤8 integrin antibodies. As seen in Figure  7D , integrin ␤8 was expressed primarily within fine, filopodia-like membrane extensions, similar to the integrin ␤8 cellular distribution observed in other cell types. 22, 54 Colocalization of LAP with integrin ␤8 was restricted to the membrane extensions ( Figure 7F ).
We next analyzed whether deletion of MC integrin ␤8 results in diminished latent TGF-␤ binding to MC. Figure  7G shows the discrete mesangial latent TGF-␤ distribution in a wild type glomerulus, whereas the pattern is more diffuse in Itgb8 Ϫ/Ϫ glomeruli ( Figure 7H ). In cultured MC, Figure 7I again shows plasma membrane latent TGF-␤ binding in Itgb8 ϩ/ϩ cells. However, in MC derived from Itgb8 Ϫ/Ϫ mice, latent TGF-␤ surface staining is nil ( Figure 7J ), which is consistent with absence of integrin ␤8-null cell adhesion to LAP, 22 and suggests that integrin ␤8 deletion results in latent TGF-␤ release from MC plasma membrane binding sites.
To determine whether ␤8 integrin deletion and decreased latent TFG-␤ binding results in altered MC release of bioactive TGF-␤, conditioned media from Itgb8 ϩ/ϩ and Itgb8 Ϫ/Ϫ MC was assayed for TGF-␤ activity using an MLEC reporter system. Itgb8 Ϫ/Ϫ media contained a significantly greater quantity of bioactive TGF-␤ compared to media derived from Itgb8 ϩ/ϩ MC ( Figure 8A ). To address whether released TGF-␤ is biologically active toward GEC, conditioned media from Itgb8 Ϫ/Ϫ and Itgb8 ϩ/ϩ MC was applied to GEC and then assayed for Phospho-Smad translocation to nuclei. Figures 8B and S4 (see Supplemental Figure 4 at http://ajp.amjpathol.org) show that Itgb8 Ϫ/Ϫ media contained significantly greater TGF-␤ activity compared to Itgb8 ϩ/ϩ media.
Release of TGF-␤ Causes Paracrine GEC Apoptosis
Because TGF-␤ stimulates apoptosis in GEC, 55, 56 the next set of studies tested whether the pro-apoptotic factor in Itgb8 Ϫ/Ϫ MC conditioned media is indeed TGF-␤. This was accomplished by exposing PECAM-1-deficient GEC to conditioned media from Itgb8 ϩ/ϩ or Itgb8 Ϫ/Ϫ MC, which was supplemented with TGF-␤1 or neutralizing anti-TGF-␤1 antibodies. Co-incubation of TGF-␤1 with Itgb8 Ϫ/Ϫ MC conditioned media caused minimal additive apoptosis ( Figure 8C ), implying that TGF-␤ is a major pro-apoptotic component in the Itgb8 Ϫ/Ϫ MC media. This was established more definitively in experiments with neutralizing TGF-␤1 antibody co-incubation, which decreased GEC apoptosis to near basal levels. Finally, the effect of TGF-␤1 was tested in GEC transfected with PECAM-1 adenovirus. Figure 8C (last 2 bars) reveals that PECAM-1 overexpression completely abolished TGF-␤1-induced apoptosis. These results expose cross-talk pathways between MC and GEC, whereby MC ␤8 integrin normally sequesters TGF-␤, which is capable of stimulating paracrine GEC apoptosis unless PECAM-1 is upregulated to provide cytoprotection. 
Discussion
Our interest in integrin ␣v␤8 was initially stimulated by the observation that integrin ␤8 mRNA expression is restricted to few tissues, most prominently in the kidney. 1 A comprehensive human glomerular transcriptome showed that ␤8 is the most prevalent ␤-integrin subunit, 57 consistent with our previous findings that integrin ␤8 mRNA expression is localized to the glomerular MC. 12 In this report we confirmed, using immunohistochemical techniques, that kidney ␤8 integrin protein is expressed predominantly in MC.
An impediment to elucidating kidney ␣v␤8 function had been that Itgb8 disruption resulted in lethal vascular morphogenesis defects, 6 which prevented evaluation of renal function beyond embryogenesis. Because genetic background influences phenotype, we established congenic C57BL/6 Itgb8 Ϫ/Ϫ mice, with anticipation of greater longevity. Because the C57BL/6 background may also suppress disease genes 27, 28 that could minimize the kidney phenotype, we also generated outbred mice on a less permissive CD-1 background. 27, 28 These outbred Itgb8 Ϫ/Ϫ mice had similar renal function and histology compared to age-matched congenic C57BL/6 Itgb8 Ϫ/Ϫ mice, indicating that kidney phenotype is caused by Itgb8 deletion per se.
In contrast to two recent reports of Itgb8 Ϫ/Ϫ mice on outbred genetic backgrounds, 11, 58 we observed significant embryonic lethality in Itgb8 Ϫ/Ϫ mice and a shortened lifespan among survivors. Otherwise, examined (extrarenal) phenotypes were similar between studies. An explanation for decreased body size and failure to gain weight is not obvious, although we speculate that residual compromised placental vascularization is a plausible reason for decreased birth weight. We also considered that cleft palate, which was noted in the original Itgb8 Ϫ/Ϫ mice, 6 could contribute by prohibiting suckling, and account for poor growth; however, this was not observed in Itgb8 Ϫ/Ϫ mice on congenic C57BL/6 or outbred backgrounds.
11,58
A major finding is that Itgb8 deletion resulted in renal insufficiency, consistent with decreased kidney integrin ␤8 expression in progressive renal disease. 12 In addition, GEC PECAM-1 was upregulated in Itgb8 Ϫ/Ϫ kidneys. Glomerular PECAM-1 expression is decreased in human renal diseases and in animals with disordered glomerular architecture. 59, 60 In reversible models, such as anti-Thy1 treatment in rats, PECAM-1 expression increases during the recovery phase. 61, 62 Because integrin ␤8 localizes to MC and the Thy1 model is characterized by mesangiolysis, we speculate that PECAM-1 is induced as compensation for MC integrin ␤8 loss.
Increased PECAM-1 expression in Itgb8 Ϫ/Ϫ glomeruli was not surprising because it was also observed in the brain cells of both the Itgb8 Ϫ/Ϫ and Itg␣v Ϫ/Ϫ . 6, 8 The mechanism of PECAM-1 induction is unclear, although TGF-␤1 has been shown to induce PECAM-1 expression is some systems, 63 suggesting complex interplay between pro-aptopic and anti-apoptotic effects of TGF-␤ on endothelial cells. 55, 56, 64 The fact that apoptosis, rather than PECAM-1 induction (data not shown), predominated following in vitro application of conditioned media suggests that apoptosis is a default pathway regulated by TGF-␤ concentration and sustained stimulation, whereas additional TGF-␤-independent factors may be required for PECAM-1 regulation. MC were obtained over 48 hours and then incubated with plasminogen activator inhibitor-1 promoter/luciferase-expressing MLEC for 6 hours. TGF-␤ bioactivity was determined by luciferase luminescence as described in Methods. *P ϭ 0.05 compared to the Itgb8 ϩ/ϩ conditioned media group. B: GEC cultured on glass coverslips were incubated for 24 hours with serum-free DMEM in all groups, followed by conditioned media harvested from quiescent Itgb8 ϩ/ϩ (ϩ/ϩ) or Itgb8 Ϫ/Ϫ (Ϫ/Ϫ) MC as in A, or DMEM supplemented with TGF-␤1 (2.5 ng/ml) or DMEM only (16 hours, 37°C). GEC were then washed in PBS, fixed in paraformaldehyde, and incubated with rabbit monoclonal anti-phospho-Smad2/3 IgG (1 hour, at room temperature), followed by FITC-conjugated goat anti-rabbit IgG (1 hour,at room temperature). Cells were examined from six different fields and counted for nuclear staining of phospho-Smad2/3 as an index of TGF-␤ bioactivity (original magnification, 400). *P Ͻ 0.05 compared to Itgb8 ϩ/ϩ conditioned media alone. C: PECAM-1-deficient GEC, adenoviral vectortransfected GEC (Ad), and PECAM-1 adenoviral vector-transfected GEC (AdP) were incubated for 24 hours with serum-free DMEM at 37°C, followed by conditioned media harvested as in A from Itgb8 ϩ/ϩ (ϩ/ϩ) or Itgb8 Ϫ/Ϫ (Ϫ/Ϫ) MC (16 hours, 37°C). In some groups, conditioned media was supplemented with TGF-␤1 (2.5 ng/ml) or neutralizing anti-TGF-␤1 antibodies (10 g/ml). GEC were evaluated for apoptosis by nuclear morphology of DAPI-stained cells by two observers blinded to experimental conditions. *P Ͻ 0.01 compared to other groups incubated with Itgb8 Ϫ/Ϫ conditioned media. **P Ͻ 0.05 compared to Itgb8 ϩ/ϩ conditioned media alone.
Mesangial February 2011, Vol. 178, No. 2 Unlike studies in Itgb8 Ϫ/Ϫ brain, in which increased PECAM-1 expression was attributed to endothelial hyperplasia, 6 we found that PECAM-1 directed GEC cytoprotection against MC-secreted factors, most notably TGF-␤. This is relevant because GEC apoptosis is a component of chronic kidney disease pathophysiology, 65 which has previously been ascribed to loss of podocyte-dependent vascular endothelial growth factor secretion. 17, 20 Regarding other possible PECAM-1-dependent mechanisms that could regulate the Itgb8 Ϫ/Ϫ renal phenotype, we observed no glomerular inflammation in Itgb8 Ϫ/Ϫ mice, but we cannot exclude roles for mechanotransduction in response to shear stress 44, 45 or inhibition of thrombosis. 46 Because MC are modified glomerular pericytes, 66 we conclude that integrin ␤8 plays a homeostatic role through endothelial stabilization.
To establish the mechanism of endothelial stabilization, we found that TGF-␤ within Itgb8 Ϫ/Ϫ MC-conditioned media stimulated apoptosis of PECAM-1-deficient GEC, whereas ectopic PECAM-1 expression in GEC abrogated TGF-␤-stimulated apoptosis. TGF-␤ is known to be proapoptotic toward human umbilical vein endothelial cells and GEC, 55, 56 but here we describe a unique mode of TGF-␤ presentation to the GEC. Latent TGF-␤ is an ␣v␤8 ligand, and in other systems, binding results in constitutive TGF-␤ activation through a MMP-14-dependent mechanism.
22,23 However, we show that MC maintained in serum-free conditions to mimic the normal in vivo state did not express MMP-14, whereas sustained exposure to serum, which induces myofibroblast differentiation, 24, 51 stimulated MMP-14 expression. Our interpretation of these data is that TGF-␤ is normally maintained in its latent conformation through binding to MC integrin ␤8, whereas glomerular diseases associated with MC MMP-14 expression permit TGF-␤ activation.
Our data support an additional mechanism of MC TGF-␤ activation whereby Itgb8 deletion results in reduced binding and release of latent TGF-␤. We speculate that the liberated latent TGF-␤ is targeted to extracellular matrix binding sites, resulting in both activation by extracellular proteases or thrombospondin-1 25, 26, 67 and enhanced presentation to GEC receptors. The glomerular effects of TGF-␤ are protean, including permeability to albumin 68 as was observed in Itgb8 Ϫ/Ϫ mice, and glomerulosclerosis. 69 The importance of TGF-␤ in glomerular disease pathophysiology is exemplified by a recently completed phase I clinical trial that examines safety of pan-TGF-␤ antibodies in focal and segmental glomerulosclerosis (http://www.clinicaltrials.gov #NCT00464321). Our data highlight an additional consequence of unbridled glomerular TGF-␤ activity -GEC apoptosis, if not for compensatory PECAM-1 upregulation (summarized in Figure 9 ).
The mechanism by which TGF-␤ stimulates GEC apoptosis was not investigated. TGF-␤-mediated apoptosis regulation is cell-specific, but generally conforms to either a Smad2/3-dependent pathway, which suppresses survivin and Akt, and stimulates the pro-apoptotic Bcl-2 member Bim, or a Smad-independent pathway that activates a TRAF6-TAK1-MKK3/6-JNK/p38 MAP kinase cascade. 70 Because Itgb8 Ϫ/Ϫ MC conditioned media stimulated Smad 2/3 phosphorylation, we speculate that the Smad-dependent pathway is more likely. The phosphatase Shp2 is a critical effector for PECAM-1-regulated cytoprotection 42 and acts in some circumstances by activating Akt 71, 72 and destabilizing Bim. 73 However, we cannot exclude the possibility that PECAM-1 inhibits TGF-␤-directed apoptosis by enhancing parallel cell survival signaling pathways.
Prior studies evoking glomerular cell cross-talk emphasize that GEC-and podocyte-derived growth factors influence MC. 20, 74 However, to our knowledge this report represents the first example of MC-derived factors affecting GEC function. Although we demonstrated paracrine communication between MC and GEC, a juxtacrine mechanism, whereby MC ␣v␤8 might directly interact with GEC or GBM ligands, is possible, particularly because MC directly contact GEC 16 and genetic deletion of GBM components results in developmental MC defects. 15, 75 In conclusion, we found that kidney ␣v␤8 integrin is expressed in MC, and Itgb8 deletion in mice with two Figure 9 . Schematic model of MC integrin ␤8 effects on GEC. A: Baseline conditions, whereby integrin ␤8 serves as a reservoir for TGF-␤ by maintaining the cytokine in its latent conformation through binding of an RGD tri-peptide recognition sequence within LAP to integrin ␤8. B: Pathological conditions, such as chronic glomerular diseases, in which MC ␤8 expression is decreased or MMP-14 activity is stimulated. In the former situation, which is modeled with Itgb8 Ϫ/Ϫ mice, TGF-␤ is no longer secluded in its latent form, and TGF-␤ could then be released and activated by glomerular matrix proteases or GEC-secreted factors. Alternatively, TGF-␤ could be enzymatically activated by MMP-14, which is upregulated in MC undergoing myofibroblast differentiation. A glomerular capillary phenotype is minimized by GEC PECAM-1 induction, perhaps in response to TGF-␤ stimulation.
63 C: Based on in vitro data with PECAM-1-deficient endothelial cells and conditioned media from MC, TGF-␤ released by Itgb8 Ϫ/Ϫ MC causes apoptosis in PECAM-1-null GEC. By extrapolation, a parallel in vivo scenario (diminished integrin ␤8 and GEC with insufficiently upregulated PECAM-1 expression) would result in a more severe renal phenotype characterized by GEC apoptosis. ␤8, integrin ␤8; GEC, glomerular endothelial cell; LTGF-␤, latent TGF-␤; MC, mesangial cell; Podo, podocyte; skull and crossbones represents an apoptotic GEC. different genetic backgrounds developed glomerular dysfunction. In vitro experiments revealed communication between MC and GEC. Effects of resident glomerular cells on MC function have previously been proposed, but our results highlight a unique mechanism in the opposite direction, whereby MC integrin ␤8 arbitrates GEC viability through TGF-␤ sequestration and PECAM-1 induction.
